Introduction
Friction is an important physical phenomenon that has been studied for many decades. It was investigated in the studies of Amontons [1] in 1699 then by Coulomb [2] in 1781. Friction laws derived from their researches were empirical. At that time, surface state viewed in microscopic scale was not yet taken into consideration. In 1950, Bowden and Tabor [3] radically changed the classical laws of friction by developing asperitybased models of contact. Yokoi and Nakai [4] and Othman [5] revealed that the surface state of two objects in dynamic contact could induce basic acoustic frequencies. This new approach to friction was widely studied for rigid materials, that is, metal-to-metal friction, but rarely for flexible materials, that is, textile-to-textile friction.
In this study, we focus on the friction of fibre-based flexible materials and the noise generated by this friction is then analysed in order to identify a noise signature. Recently, Eunjou and Gilsoo [6] , [7] designed an instrument that contributes to study the relationship between the structure and mechanical properties of different fabrics and their sound spectra. This spectrum is produced by fabrics' friction and contains information related to many properties of these materials. Changes in these properties could be revealed in changes in the sound spectrum produced. The same instrument was also used for the same purpose by other researchers: Gilsoo and al. [8] , [9] , Kim and Gilsoo [10] , [11] , and Youngjoo [12] .
All of these researches were limited to a unidirectional linear trajectory. Usually, garments are either made of woven fabric, that is, warp threads are perpendicular to weft, or knitted fabrics where columns are perpendicular to rows. The fixed parameter, especially linear, form of movement trajectory adopted in the instrument previously developed does not properly mimic complex movement of a human wearing a textile garment.
For this purpose, we propose a new instrument that reproduces the real situation that includes all of these parameters by simulating the movement of a human arm in different conditions of motion: walking, jogging and running. It is expected that the instrument will provide a quantitative information of sound generated by the friction of fabrics. The results obtained will be beneficial in the development of sports clothing (hunting clothing for instance) as well as clothes for military purposes.
In this paper, first the mechanical description of motion simulator is described then the principle of the acquisition of the noise generated by the fabric friction is presented. The characteristics of the anechoic booth used to protect the developed instrument from external noises are also explained. Last, the signal treatment is detailed for one study case considering woven textile fabrics.
Material and Methods

Motion Simulator
To develop a motion simulator that reproduces human's mechanism and motion patterns, we have to analyse arm velocity, friction area, trajectory, and arm pressure. Basic ideas came from the research of Pontzer [13] and Collins [14] . conducted on the role of the swivel motion of the human arm
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Fabric Specimen
Samples of fabrics currently used for sports garment were used in our experiments. Tests were performed in a standard atmosphere for textile testing (65±4% Relative Humidity and 20±2°C) [20] . Samples were conditioned 24 hours before being tested. The characteristics of samples are presented in Table 1 .
Results and discussion
Determination of Motion Range and Arm Velocity
Different locations of the arm position were marked. The position of the markers can be seen in Figure 1 . These markers were used as references to calculate the moving speed of the arm. on the body equilibrium in activity by video analysis methods used in sport performance analysis [15] . For this study, human volunteers, a treadmill and a camera were used.
The treadmill allowed to create three modes of motion, that is, walking, jogging and running. The camera was used to film the upper half part of the human body and more precisely to study the relative motion of the arm. Two young male volunteers were selected from the same age range (29 and 30 years old) with a very close match in their height (177 and 176 cm in height) and in their weight (75 and 77 kg). Subjects gave their informed consent prior to participation. Both of them conducted a series of six trials in each of the three modes. The walking speed, jogging speed and running speed were fixed, respectively, to 2 km/h, 7 km/h and 9 km/h.
To define the contact area of the friction of the arm against the body, a simple paint on the inner arm of the volunteers was used. During motion, the paint was transferred to the garment. The position and area of the friction surface was identified thanks to image processing software [16] . To measure the pressure applied during the effort, a pressure sensor (Flexi force sensor type A401) [17] was placed on their garment (a T-Shirt). The sensor's signals were captured during the experiments and analysed by using the software LabVIEW of National Instruments (NI) [18] .The position and friction surface, the pressure applied during the movement has been considered for the average values obtained for the two volunteers.
Friction Sound Recording
A Brüel & Kjaer ½ inch type free-field microphone (type 4133) was attached to a height-adjustable support placed for detecting the friction noise of fabric specimens. This microphone was positioned close to the sample (1cm). The sound recording was performed with a Sony recorder type (PCM-M10) connected to a Brüel & Kjaer type (2606) amplifier. The chain of measurement (microphone, amplifier, and recorder) has been calibrated at 700 mV/Pa.
The duration of a recording was about 10 s, with a sampling frequency of 96 kHz. The raw sound was processed by Audacity Software [19] and sequences of a few seconds [0.5 s to 1s] were taken for the final treatments. Noise levels in dB and dB (A) are obtained and analysed by third octave from which acoustic imprints are deduced. Speeds of the arm movements have been evaluated for the three conditions described earlier (walking, jogging and running) and the results are shown in Table 2 . Six replicates (R1 to R6) have been performed.
As expected, arm swing, which is critical for maintaining stability, is increasing as velocity is increasing.
Identification of the Friction Area
The position and area of the friction surface has been identified with the help of the paint as shown in Figure 3 . The results of the six replicates (S1 to S6) and of the average surface area are presented in Table 3 .
A surface of 90 cm² was chosen for the motion simulator.
Identification of the Pressure
A pressure sensor FlexiForce type (A401) with a circular sensing area of 25.4 mm in diameter and thickness of 0.21 mm was used. A calibration curve has first been set up using increasing test weights and plotting obtained voltage, as shown in Figure 4 .
The sensor was placed on the garment at the centre of the previously determined friction area as shown in Figure 5 . To ensure a good contact of the sensor on the fabric, it has been firmly glued.
Connectors were located along the side seams of the garment. Using the sensor calibration curve, pressures applied on friction area during the three test modes (walking, jogging and running) have been obtained. Results are presented in Table  4 . It can be observed that, the pressure was increasing with the velocity. 
Design and Mechanical Manufacturing of the Prototype Instrument
The technical specification for the design of this new instrument of measure was:
-Movement of the mobile sample holder similar to the movement of the human arm, -Simplicity of positioning and attachment of the fabric specimen, -Removable and adjustable microphone and sample holder, -Insulation of the dragging area from the mechanical part, -Silent mechanical movement,
-Simplicity of acoustic range measurement. Figure 6 shows the positioning of the microphone and of the fixed and mobile specimen. Figures 7 and 8 present the final design of the instrument. For each specific mode, the mobile sample (3) moved in a sweep motion with the defined velocity and pressure.
Figure 6. Fabric-to-fabric friction
The motion is given by a DC electric motor (5) thanks to a mechanical part that generates the swing of the mobile sample (11) . Length of the metallic plate bar (10) and dimension of the rotating parts as well as the motor speed were calculated according with the results obtained in term of surface and speed previously mentioned.
Mobile (3) and fixed holders (4) with fabric specimens submitted to friction and microphone were placed inside of Figure 7 . Instrument for frictional sound analysis an anechoic booth (1), whereas mechanical parts of motion simulator, recorder and amplifier were placed outside to prevent external local sounds from interfering with fabric friction noise. Reduction of noise of the mechanical parts has been obtained by balancing moving parts, lubrication, ensuring that machine rotational speeds do not coincide with resonance frequencies of the structure, etc.
Figure 8. Lateral view of the developed instrument
The anechoic booth consists of an echo-free enclosure with walls, ceiling and floor covered in a highly sound absorptive material (foam) to eliminate any reflections. The attenuation of the developed anechoic booth was estimated in a reverberant chamber. This room is instrumented with eight loudspeakers (two subwoofers, two boxes for medium frequency range 200Hz-800Hz and 4-speaker horns for high frequencies). In this room the sound field is diffuse.
The attenuation will be considered as the difference in sound amplitude in the same position without and with the anechoic booth. This measurement has been produced for two different volumes for two anechoic booths: a small box (0.0714 m³), and a big box (0.9562 m³) and for two different noise levels (95 dB (A) and 105 dB (A)). The used noise is pink noise with 40 Hz-10 kHz bandwidth.
It has been obtained ( Figure 9 ) that in both cases, the friction noises are found in the range of medium and high frequencies. The volume of the large box tends to shift its resonance towards the lower frequencies revealing better attenuation as compared with the small box.
Experiment with Fabric Specimens
Two samples of the same fabric have been used for each test. A first sample of fabric (50 x 50 cm²) was attached to the fixed sample holder, and another sample of the same fabric (2.5 x 11 cm²) was attached to the mobile sample holder. The two samples of the same fabric have been rubbed each against other. The friction is neither in the weft direction nor in the warp direction only, but it is in swing movement ( figure  10 ). This experiment has been carried out with the identified frictional velocity and pressure applied at walking, that is, 0.56 m/s and 16.7kPa. The sound data have been collected and stored as sound files. A computation program for the graphical representation of the sound data analysis has been developed and used to extract the acoustic imprints of the generated noises. By using this computer program, the data analysis of our experiment was performed. Where:
oo': scan axis, L e : wide of mobile sample holder, D: maximum width scanning of the axis oo', α: angle of scanning (18°).
Sound Spectra of Sample According to Arm Movement
Acoustic imprint of sample 1 and sample 2 are presented in Figures 11 and 12 . In order to ensure the repeatability of the measurement, friction tests have been performed five times for the same sample in the same conditions. Results are presented in figure 13 for sample 1 after time-frequency analysis. Obtained data show good repeatability results and allow confirming mechanical performance of the instrument in terms of stability and precision.
Even if friction sounds are recorded inside the anechoic chamber, background noise that is mainly due to the noise of moving mechanical parts of the instrument transmitted through the openings of the booth has to be taken into account. In order to analyse its contribution and further analysed noise due to fabrics only, background noise of the instrument operating without fabric sample was measured. Obtained result is shown in Figure 14 .
Sound signals for background and for both fabric samples have been treated by FFT. FFT allowed estimating the third octave band at frequencies ranging from 32 Hz to 20 kHz that are applied to each of the data blocks ( Figure 15 ). This figure shows that the background noise is low frequency noise. In order to attenuate the background noise on the friction sound signal, these signals (sample 1 and sample 2) have been filtered by high pass filter.
From these data, comparisons of acoustic spectral shapes are done in dB ( Figure 15 ) and dBA ( Figure 16 ). Imprints are obviously different. Sample 1 (polyamide/polyurethane) is more noisy and presents a frictional sound louder than Sample 2 (cotton/spandex) for all the range of frequency.
It can be observed that in the low frequency range, the sound signal is mainly caused by the background noise of the mechanism of the instrument. Consequently, background noises, still present in the imprints of the two fabrics, do not significantly affect the perceived signals. Sound produced by fabric friction is affected by parameters such as pattern, yarn count, surface roughness, yarn thickness, hairiness, etc., but also physical or chemical treatments applied on textile fabrics. From the results obtained with two different fabrics commonly used for sport activities, with the same pattern (plain pattern) but made of different materials and having different structure parameters tested with the newly developed instrument, it can be observed that significant differences are found when measuring the sound produced by friction produced with the developed instrument.
CONCLUSION
This study has led us to develop an instrument able to simulate the friction of garment in wear condition according to specific human activities. The machine parameters, that is, speed, contact area and applied pressure, are adjustable. The precise conditions allow extracting sounds produced by fabric/fabric friction. Fabric sound level, which is the factor that influences the unpleasantness or pleasantness of sound of particular fabrics, can be recorded, and then objectively compared or optimised. A trained panel will later perform sensory evaluation of the frictional sounds of the same fabrics in order to correlate obtained data with sensory feelings. 
